Alcaligenes faecalis, resistant to the toxic effects of 0.01 M sodium arsenite, was isolated from raw sewage and shown to be capable of oxidizing arsenite to arsenate. When the organisms were grown in chemically defined medium, this conversion was due to the appearance at stationary phase of an intracellular, oxygen-sensitive, inducible enzyme and/or component of the electron transport system; when the organisms were grown in a nutrient broth-yeast extract medium, the enzyme appeared in the late exponential phase of growth. The presence of 0.02 M arsenite in the culture medium affected neither growth rate nor final cell yield.
MATERIALS AND METHODS
The iodometric titration of arsenite was performed as described by Levvy (8) . This technique has been adapted to detect as little as 50 ,ug of I Present address: St. Christopher's Hospital for Chil- dren, Philadelphia, PA 19133. arsenite per sample, with a relative error of 7.4%. The Fiske and Subbarow (3) colorimetric method for determining inorganic phosphate was modified for quantitative arsenate determination by allowing the test to develop for exactly 75 min at room temperature and then reading the entire test within 15 min. Since this method measures phosphate as well as arsenate, experiments in which this determination was used were always performed in phosphatefree medium. Sodium arsenite and tris(hydroxymethyl)aminomethane (Tris) buffer at concentrations used in these experiments had no effect on arsenate determination. Absorbance remained linear over the range of 5 through 25 gg of arsenate per sample, with a relative error of less than 5%.
Protein concentrations were measured with the Folin phenol reagent as described by Lowry et al. (9) using bovine serum albumin as the standard. Since arsenite in concentrations above 10-4 M interfered in the determination of protein by this procedure, a blank was prepared from each sample by removing the bacterial cells with a membrane filter (Millipore Corp.).
The method of Von Endt et al. (13) was adapted for the separation of arsenite and arsenate by thinlayer chromatography. Samples and standards were applied on aluminum sheets (20 by 20 cm) coated with Silica Gel F-254 (Brinkmann Instruments) and chromatographed in methanol-ammonium hydroxide-10% trichloroacetic acid-water (65:15:5:15). Arsenite spots were visualized by exposure to iodine vapors, and arsenate was located by subsequent spraying of the developed chromatogram with 1% ammonium molybdate and 1% stannous chloride.
Turbidity was measured using a side-arm flask with a Klett-Summerson colorimeter. Cell size did not change appreciably until the culture reached the stationary growth phase, making this method a valid measure of cell number for Klett readings between 20 to 60 for the no. 54 and 66 filters. Turbidity was shown to be proportional to both cell number and protein concentration over the range encountered in these experiments.
Measurement of arsenite oxidation by respirome- probe. Sodium arsenite concentration in a control flask containing a boiled cell suspension remained unchanged, demonstrating that the organism effected the oxidation. Once maximal arsenite-oxidizing activity was attained, it remained constant for at least 12 h under conditions where no cell lysis occurred. A culture of strain YE56 was grown in CDM with no arsenite to mid-logarithmic growth and then divided into two flasks; sodium arsenite was added to one flask (Fig. 3, 0 time) and the second flask was incubated as a control. There was generally a 2-to 4-h lag period before the stoichiometric conversion of arsenite to arsenate could be demonstrated and the first detectable rates were not constant (Fig. 3) . It cah be seen that arsenite disappearance was simultaneous with arsenate appearance. Growth for the flask with and without sodium arsenite was the same. The bottom graph (Fig. 3) shows the change in pH of the culture medium that accompanies the oxidation of arsenite to arsenate.
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This fall in pH is probably due to the more acidic nature of arsenate radical, since the final pH of the control flask was 7.2. It can be seen from Fig. 3 that the ability of strain YE56 to oxidize arsenite to arsenate was first detectable at the early stationary phase. If strain YE56 was grown in a rich medium, e.g., nutrient broth supplemented with yeast extract, arsenite-oxidizing activity could be detected while the culture was in the exponential growth phase.
It can also be seen from Fig. 3 that upon addition of arsenite it immediately disappeared no difference in growth rate or inducibility of arsenite oxidation. In contrast, PIPES inhibited the growth rate but not the ability to oxidize arsenite when the cells reached stationary'growth. A small, but consistent, drop in absorbance was always observed immediately after cells entered stationary phase (Fig. 3) . Since, in CDM, the ability of strain YE56 to oxidize arsenite was associated with the entry of the cells into the stationary phase, the possibility that the enzyme responsible for arsenite oxidation was being released into the medium upon lysis of the cells at the stationary growth phase was examined. Cells grown to late logarithmic growth in CDM were harvested and resuspended to the same density in fresh CDM containing 0.02 M sodium arsenite. At 1-h intervals samples were taken, optical density was measured at 660 nm in a Bausch and Lomb Spectronic 20, and viable counts were made at each time point. Samples were filtered through a Millipore filter (0.45 ,um). A portion of the filtrate was used immediately to determine the amount of arsenite remaining; the remainder of the filtrate was incubated under the same experimental conditions as the original culture. At the end of the experiment, each filtrate was again titrated to determine the amount of arsenite remaining. Table 2 shows that all the arsenite-oxidizing activity was found to reside in the cells, with no activity in the filtrate.
Cells of strain YE56 were grown in CDM and CDM containing 10-3 M sodium arsenite. Onehalf of each cell culture was harvested from early logarithmic growth (5 h) and at stationary phase (9 h) (Fig. 4a) . Each cell pellet was resuspended in 10 ml of 0.1 M potassium phosphate buffer, pH 6.8; each sample was divided into two 5-ml portions and placed in an ice bath. Cell-free extracts were prepared from one portion ofthe 5-h and 9-h sample. Assay (by the Thunberg technique) of the cell-free extract of cells harvested at 5 h showed no reduction of 2,6-dichloroindophenol regardless of the presence of arsenite in the growth medium (Fig.  4b) . In contrast, cell-free extracts and cell suspensions from cells grown with arsenite and harvested at 9 h showed complete reduction of the dye within 10 min when arsenite was pres- ent in the assay mixture. Preparations from the control cells (cells grown in the absence of arsenite) showed no reduction of the dye even after 1 h. The results in Fig. 4b indicate that arsenite oxidation is brought about by an induced enzyme and/or electron acceptor which is formed only when the cells are grown in the presence of arsenite and that lack of arsenite oxidation could not be accounted for by lack of permeability of the cell to arsenite.
Turner (11) studied "arsenite dehydrogenase" and its associated cytochromes. Work with the sequential addition of inhibitors and substrates using strain YE56 confirns Turneres conclusions that the electrons from arsenite are transferred through a cytochrome system. However, whereas Turner found complete inhibition of respiration by incubation of cells with 10-3 M potassium cyanide for 30 min, after the same incubation period respiration of YE56 cells was inhibited only 53%. Alternate explanations for this finding are that strain YE56 may be impermeable to KCN, that more than one pathway for electron transport is present in this organism, or perhaps YE56 contains at least one terminal oxidase that is insensitive to KCN. An interesting phenomenon observed consistently is the ability of strain YE56 to reoxidize reduced 2,6-dichloroindophenol in the presence of oxygen.
Although under anaerobic conditions the organism can use nitrate as an electron acceptor for the oxidation of various carbon sources, nitrate could not serve as an electron acceptor for the oxidation of arsenite under these conditions; the presence of nitrate in arsenite-containing growth medium under aerobic conditions did not interfere with arsenite oxidation by the culture. Neither potassium tellurite, sodium sulfite, nor sodium nitrate inhibited arsenite oxidation as measured by the oxygen probe, and the compound could not replace nitrate as the electron acceptor for anaerobic respiration. However, strain YE56 could be induced to oxidize sulfite. Cells induced for sulfite oxidation could not oxidize arsenite, indicating that each system is specific for its inducer and substrate. Arsenate could not replace arsenite as an inducer except in one instance where a mutant occurred during an experiment.
In another experiment, a culture ofYE56 was inoculated into nitrate broth and into nitrate broth containing 0.02 M sodium arsenite; both tubes were incubated anaerobically. After 24 h of growth (which had allowed for induction of anaerobic respiration in the nitrate broth), the nitrate broth culture was diluted into the inoculated nitrate broth containing sodium arsenite. The culture was then divided and placed into two flasks: the control flask was incubated aerobically; the second flask was incubated anaerobically. Whereas the control culture continued to grow as expected, the anaerobic culture containing arsenite did not grow, in spite of the presence of nitrate, nor did it oxidize arsenite as estimated by iodometric titration. Thus, it appears that the presence of arsenite in the nitrate broth inhibits anaerobic respiration even after cells had been induced to use nitrate as an alternate electron acceptor, probably because arsenite inhibits a member of the electron transport system.
Further evidence that there is a labile portion of the electron transport system comes from the following experiments. (i) Cell-free extracts of arsenite-oxidizing cells were unable to oxidize arsenite aerobically (as measured by the oxygen probe), but the same preparation was able to couple oxidation of arsenite to arsenate with the reduction of 2,6-dichloroindophenol using the anaerobic Thunberg technique. (ii) Suspensions of whole cells were unable to oxidize arsenite in the presence of air after treatment with acetone, which is known to extract lipid-soluble components of the electron transport system, i.e., coenzyme Q.
Strain YE56 does not use the potential available energy from arsenite oxidation to increase growth rate or final cell yield. The rate ofoxidation by whole cells or extract was a linear function of protein concentration. An approximate Km of 4.5 x 10-4 M sodium arsenite was obtained with whole cells, whereas a cell-free extract gave an approximate Km of 2 x 10-6 M sodium arsenite (or over 2 orders of magnitude lower than whole cells). Concentrations of arsenite greater than 8 x 10-3 M showed substrate inhibition. DISCUSSION
The identification of these arsenite-oxidizing
isolates as Alcaligenes was difficult because initial flagella preparations were interpreted as polar. However, the cellular fatty acid profile of these isolates determined by gas-liquid chromatography (2) at the Center for Disease Control were identical with the Alcaligenes sp. (includes A. faecalis, A. odorans, and A. denitrificans) profile. Thereafter, some Leifson (7) flagella preparations revealed peritrichous flagella. Although most strains ofAlcaligenes grow in media with ammonium or nitrate salts as the sole nitrogen source, all our isolates required organic nitrogen compounds (vitamins and amino acids). The isolates were able to denitrify by respiring anaerobically in the presence of nitrate-accumulating nitrite but with some gas formation. This trait made it impossible to classify an isolate as A. denitrificans (complete reduction of nitrates and nitrites with gas formation) or A. faecalis (variable reaction, no gas) (6) ; fortunately, the recent edition of Bergey's Manual ofDeterminative Bacteriology (1) recognizes A. denitrificans as a strain of the species A. faecalis.
Therefore, Bacillus arsenoxydans (Green), Achromobacter arsenoxydans tres (Turner), now reclassified as A. faecalis (1), and our isolates probably represent ecotypes of an identical species most closely resembling published descriptions of A. faecalis.
The only important difference between our observations of the arsenite-oxidizing system of A. faecalis strain YE56 and Turner's description of the "arsenite dehydrogenase" of Pseudomonas arsenoxydans-quinque is the time at which enzymatic activity first appeared. Turner's isolate growing in a defined medium oxidized arsenite in the early growth phase; in contrast, strain YE56 growing on CDM could oxidize arsenite only upon reaching stationary phase but induced in logarithmic phase when grown in rich media. Since sewage is a rich medium, arsenite oxidation probably occurs there earlier than the minimal conditions used in the laboratory as long as oxygen is available. Although the mechanism of induction is still unknown, this study suggests the possibility that some factor, i.e., some secondary metabolite produced largely in the stationary phase, is essential for synthesis of an enzyme or a specific cytochrome associated with arsenite oxidation.
Turner isolated 15 arsenite-oxidizing strains, each one from a different geographical source; later these 15 strains were separated into five distinct species. None of Turner's sources yielded more than one species. Initial screening of our arsenite-oxidizing isolates indicated that we had recovered two species from a single source, 13 strains ofA. faecalis and 21 strains of an organism closely related to it designated group V-D (6). When carefully retested, the amount of arsenite oxidized by strains of group V-D approached the limit of sensitivity of the iodometric titration and were thus considered APPL. ENVIRON. MICROBIOL.
on November 6, 2017 by guest http://aem.asm.org/ Downloaded from nonoxidizers. Therefore, it is possible that the ability to oxidize arsenite occurs as a spontaneous mutation, or, alternatively, that intergeneric and intrageneric transfer of arsenite-oxidizing ability occurs.
The ability to oxidize arsenite is not essential to a tolerance of high arsenite concentrations (0.02 M), since several organisms including a gram-negative rod, a sporeforming, gram-positive rod, and a yellow, gram-negative rod were isolated that tolerated 0.02 M arsenite but could not oxidize or reduce arsenite or convert it to organic arsenicals. Arsenicals Since A. faecalis is a common intestinal inhabitant, it is interesting to speculate that acquired tolerance to ingested arsenite is due to the selection and enrichment in the colon of an arsenite-oxidizing population.
